We report on a measurement of forces between 10 particles adsorbed at a water−oil interface in the presence of 11 an oil-soluble polymer. The cationic polymer interacts 12 electrostatically with the negatively charged particles, thereby 13 modulating the particle contact angle and the magnitude of 14 capillary attraction between the particles. However, polymer 15 adsorption to the interface also generates an increase in the 16 apparent interfacial viscosity over several orders of magnitude 17 in a time span of a few hours. We have designed an experiment 18 in which repeated motion trajectories are measured on pairs of 19 particles. The experiment gives an independent quantification 20 of the interfacial drag coefficient (10 −7 −10 −4 Ns/m) and of 21 the interparticle capillary forces (0.1−10 pN). We observed 22 that the attractive capillary force depends on the amount of polymer in the oil phase and on the particle pair. However, the 23 attraction appears to be independent of the surface rheology, with changes over a wide range of apparent viscosity values due to 24 aging. Given the direction (attraction), the range (∼μm), and the distance dependence (∼1/S 5 ) of the observed interparticle 25 force, we interpret the force as being caused by quadrupolar deformations of the fluid−fluid interface induced by particle surface 26 roughness. The results suggest that capillary forces are equilibrated in the early stages of interface aging and thereafter do not 27 change anymore, even though strong changes in surface rheology still occur. The described experimental approach is powerful for 28 studying dissipative as well as conservative forces of micro-and nanoparticles at fluid−fluid interfaces for systems out of 29 equilibrium.
67 from the dependence of the macroscopic shear modulus on 68 surface coverage. However, this approach is sensitive to both 69 hydrodynamic interactions and defects in the crystal, providing 70 a lower limit for the interaction force. 24 At a low surface 71 fraction of colloids at the interface (ϕ s → 0), it is possible to 72 measure the pair correlation function g(r) from digital images 73 and then determine the pair interaction potential from fitting 74 the Boltzmann distribution U(r) = −k B T ln g(r). 18, 24 This 75 method requires a large number of particles and images and 76 provides only an average potential. Alternatives have focused on 77 self-assembly processes of anisotropically shaped particles 78 monitored using video microscopy. 19,21,25,26 79 Direct methods are able to measure interactions on single 80 pairs of particles. The studies have been mainly restricted to 81 optical tweezers experiments. 27−29 Force versus distance curves 82 were measured on pairs of particles within a force range of 0.1− 83 100 pN and with a position accuracy of a few nanometers, from 84 which the interaction potential is determined. These experi-85 ments have shown that electrostatic and capillary forces can be 86 modulated by the addition of salts, surfactants, or polyelec-87 trolytes as a result of changes in particle wettability, particle 88 surface charges, and surface tension. 30 On the other hand, the 89 adsorption of macromolecules to the interface is responsible for 90 changes in the interfacial rheology, 31, 32 which may contribute to 91 variations of interparticle interactions over time. Several 92 microrheology techniques are available to monitor the 93 interfacial viscosity, such as magnetic microneedles, 33,34 94 magnetic microbuttons, 35 and optical tweezers, but only the 95 latter is suited to measure interparticle forces. Most of the 96 studies have been limited to measurements of capillary forces 97 for interfaces at equilibrium. Time-dependent interparticle 98 interactions at fluid interfaces have been previously reported 99 only for a particle ensemble but are not yet fully under-100 stood. 18, 36, 37 The study of nonequilibrium systems poses 101 several challenges, as changes in surface rheology and 102 interparticle forces can be very large and can occur over a 103 wide range of time scales. 104 Here, we propose a method to disentangle conservative 105 capillary forces from dissipative viscous forces. We study 106 attractive capillary forces between spherical magnetic particles 107 adsorbed at a water−oil interface in the presence of an oil-108 soluble amino-modified silicone polymer. The cationic polymer 109 penetrates to the water side of the interface and interacts 110 electrostatically with the negatively charged particles. This in 111 turn modulates the particle contact angle and the magnitude of field, we record multiple trajectories of particle attraction Figure 1 . Principle of the colloidal attraction experiment. (a) Pairs of superparamagnetic particles at a water−oil interface are separated by briefly applying a magnetic field in the direction normal to the interface. 38 Thereafter, in the absence of a magnetic field, spontaneous attraction is observed. (b) Sketch of magnetic particles at a water−oil interface in the presence of an amino-modified silicone polymer. Particles adsorb to the interface only in the presence of the polymer, as a result of electrostatic interactions between the carboxylated surface of the magnetic particles, with negative charges, and the amine group of the polymer exposed to the water phase, with positive charges. 4,39 The scanning electron microscopy (SEM) image of M270 particles (2R = 2.8 μm) shows a particle surface roughness of about 50 to 150 nm. Panels c and d show time traces of the center-to-center separation distance S during colloidal attraction experiments for particles at a water−oil interface and for particles in bulk water moving on a glass substrate, respectively. (c) Highlighted points (colored solid symbols) show the trajectories of spontaneous (nonmagnetic) particle attraction, which is observed for particles adsorbed to the water−oil interface (as in panel c) but is not observed for particles in bulk water (as in panel d). This proves that the spontaneous attraction is caused by the fluid−fluid interface and not by magnetic forces. 139 Carboxylic superparamagnetic particles (Dynabeads M-270 carbox-140 ylic acid, diameter 2R = (2.8 ± 0.1) μm, Life Technologies) were used 141 to quantify the particle interfacial drag coefficient and interparticle 142 interactions. In the presence of a magnetic field, the induced 143 magnetization follows a Langevin function, with a particle-to-particle 144 variation of magnetic susceptibility of about 8%. 38 Larger carboxylic 145 ferromagnetic particles (CFM-300-5 carboxylic acid, ferromagnetic, 146 nominal size 28−34.9 μm, Spherotech) were used to study the particle 147 dynamic contact angle at the water−oil interface for different 148 concentrations of amino-polymer (section S5 of the Supporting 149 Information). Both particle types were magnetically washed four times 150 in ultrapure water in order to remove surface-active elements present 151 in the storage buffer and were then dispersed in each corresponding 152 buffer in a ratio of 1:10 4 from the stock solution. The fluid cell and the 153 setup required to actuate magnetic particles are described elsewhere. 39
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Quantification of Particle Drag Coefficients and Attractive 155 Capillary Interactions at a Water−Oil Interface. We quantify the 156 particle forces at the water−oil interface with intrapair magneto-157 phoresis (IPM). 38, 39 Pairs of magnetic particles are attracted and 158 repelled by well-controlled magnetic dipole−dipole forces F ⃗ magn 159 induced by an external magnetic field. The magnetic forces are 160 balanced by electrostatic forces F ⃗ el , capillary forces F ⃗ cap , and drag forces 161 F ⃗ drag , with a total force expression of
162
(1) 163 The magnetic repulsion force between two magnetic dipoles with an 164 out-of-plane orientation can be approximated by the relation 38 μ π = F m m S 3 4 magn 0 d,1 d,2 4
165
(2) 166 where S is the center-to-center separation distance between the 167 particles, μ 0 is the vacuum permeability, and m d,i is the magnitude of 168 the induced magnetic moment (in units of A m 2 ) of particle i.
169
Capillary forces originate from the overlap of deformations of the 170 interface around the particles. Danov et al. 20, 40 formally treated the 171 concave and convex deviations of the meniscus shape from planarity as 172 positive and negative capillary charges, by analogy to electrostatics. 173 The interparticle potential can then be described as a superposition of 174 capillary multipoles of order m, where m = 0, 1, 2,... represents capillary 175 charges, dipoles, quadrupoles, and so forth. In the far field (S ≫ R A + 176 R B ) and for m A , m B ≥ 1, the interaction energy can be approximated 177 as 16 
178
(3) 179 where γ is the surface tension between the two fluid phases, H i is the 180 undulation amplitude of the menisci around particle i with orientations 181 ϕ i , and r i is the radius of the particle cross-section with the interface, 182 which is related to the equilibrium contact angle θ by the geometrical 183 relation r c = R sin θ (Figure 1b ). In the near field (S ≈ R A + R B ), eq 3 184 should be expanded because higher-order terms in the interaction 185 potential become relevant. For particles with a diameter below 10 μm, 186 deformation due to gravity can be neglected (Eoẗvos number Eo ≪ 1). 187 In the absence of any external torque, the first nonvanishing term is 188 the quadrupolar interface deformation (m = 2), and the resulting force 189 between two identical particles equals the negative of the gradient of 190 the interparticle potential of eq 3, yielding
is the closest-proximity capillary force, 193 i.e., the force with condition S = 2R. In the derivation of eq 4, we 194 neglected the particle rotational degrees of freedom, i.e., ϕ A,B in eq 3. where F 0,el is the closest-proximity force, i.e., for S = R A + R B , that 216 depends on the particles and fluid properties and R i is the radius of 217 particle i.
218
The hydrodynamic force acting on a particle moving in a 219 Newtonian fluid is proportional to the particle velocity, with a particle 220 drag coefficient f that depends on the particle size and fluid viscosity. we demonstrated that the response of the interface for the material 229 system used in this study is essentially viscous. Here, we will 230 characterize the aging of the interface through the particle drag 231 coefficient f.
232
In absence of a magnetic force (F ⃗ magn = 0), the particle motion is by analogy to the notation we used for the 253 expression of the capillary force; see section S3 in the Supporting 254 Information for details on the derivation. The left side of eq 6 255 represents the dissipative drag force. The right side of eq 6 represents 256 the conservative interparticle magnetic and capillary forces. 257 To disentangle the conservative interparticle forces from dissipative 258 effects caused by interfacial aging, both F 0,cap and f need to be 259 quantified in eq 6. We designed an experiment in which for every 260 particle pair, repulsion trajectories are measured in the presence of an 261 out-of-plane magnetic field and attraction curves are measured in the 262 absence of a magnetic field. Repulsion trajectories are measured by 263 applying a repulsive field for 4 s, thereby separating the particles by a 264 few particle diameters. Attraction trajectories are measured as follows. 7 is based on eq 3, which is, strictly speaking, valid only in the far field.
280
However, in our experiments we found that eq 7 closely fits the data so 281 that higher multipole orders can be neglected. The analysis method is 282 described in more detail in section S4 of the Supporting Information. Colloidal attraction experiments for particles at the water−oil interface for increasing concentrations of polymer in the oil phase (c P ) and different aging times (t age ). (a) Center-to-center separation S as a function of particle approach time t appr . The dashed line represents S = 2R = 2.8 μm. Each individual panel (a1, a2, and a3) shows three approach trajectories measured on the same particle pair. Different panels (a1, a2, and a3) show different particle pairs. (b) To quantitatively compare measurements performed at different aging times (i.e., to take into account the drag coefficient f of particles (as described in section S4) experienced at a different t age ), we plot attraction curves expressing f S̅ 6 as a function of particle approach time for particles with full approach in panel a (i.e., S = 2R at t appr = 0). Points and error bars in panels b2 and b3 represent the mean and the standard deviation. The solid red line is a fit according to eq 7, performed only on the linear part of f S̅ 6 attraction curves close to t appr = 0, as shown in the insets. From the fit, we extract the value of the capillary force F 0,cap (i.e., the capillary force at S = 2R). For comparison, the gray arrow on the y axis indicates equal magnitude in the different panels.
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Langmuir XXXX, XXX, XXX−XXX Numerical Methods. We performed Brownian dynamics (BD) 284 simulations in order to generate trajectories of particles that undergo 285 Brownian motion in the presence of a total (conservative) force F. The 286 aim of BD simulations was twofold. On one hand, we determined the 287 interplay between dissipative (viscous) forces and conservative 288 (capillary) forces. On the other hand, we validated and determined 289 the accuracy of the analysis method as described in the previous 290 section to determine both f and F 0,cap . Simulations were performed by 291 following the approach described by Grassia et.al. 48 A massless particle 292 i is moving with a tensor coefficient of linear friction ξ ij and diffusivity 293 tensor D ij = k B T/ξ ij , where k B T is the Boltzmann energy. The 294 trajectories of particles are obtained by adding at each time step δt a 295 random displacement x i ran to the systematic displacement F i (ξ ij −1 )δt. If 296 we consider a constant linear friction coefficient ξ ij = f and neglect 297 hydrodynamic interactions between the particles, then BD trajectories 298 x i (t) are computed from the relation 300 where r i n is a random vector with independent components, each 301 extracted from a uniform distribution over the interval [−0.5, 0.5]. The 302 generated random displacements will converge to a Gaussian 303 distribution, provided that a sufficiently small time step and the 304 correct moments of the distribution are taken 49 (i.e., zero mean and a 305 variance that follows from the dissipation−fluctuation theorem 50 ). 306 Simulations were performed with a time step of δt = 2 × 10 −5 s. We 307 validated this numerical method following the approach proposed by 308 Northrup et al., 51 as shown in section S1. 309 ■ RESULTS AND DISCUSSION 310 We studied the interaction of carboxylic magnetic micro-311 particles at a water−oil interface in the presence of an amino-312 modified silicone polymer in the oil phase. For an aqueous 313 solution containing 20 mM phosphate-buffered saline (PBS), 314 we observed an attractive interaction between particles over 315 tens of micrometers, depending on the polymer concentration. separated by a few micrometers using the IPM method. 324 Then, repeated motion trajectories are recorded on the same 325 particle pair. These two independent measurements allow us to 326 disentangle and quantify conservative forces and dissipative 327 effects. 328 In the next section, we present the results as follows. We first Measurements of Colloidal Attractive Interactions. In 340 a typical experiment on particle attraction, pairs of magnetic 341 particles were first separated by a few particle diameters by 342 quickly applying an out-of-plane magnetic field, and then after 343 the field was removed, the field-free motion trajectories were 344 recorded (Figure 1a ). To exclude the influence of any magnetic 345 component (e.g., setup, particle magnetic moment) on particle 346 attraction, we performed the same experiment using particles in Langmuir XXXX, XXX, XXX−XXX 347 bulk water moving on a glass substrate (Figure 1d ). In the 348 absence of the magnetic field, the particles showed diffusion 349 with a coefficient of ∼0.18 μm 2 /s, consistent with the diffusion 350 of a sphere with radius R = 1.4 μm in a fluid of viscosity η = 1 351 mPa s (free diffusion D = 0.15 μm 2 /s) in close proximity to a 352 solid substrate. 53 In the absence of a magnetic field, particles 353 did not show a deterministic approach, and attraction was 354 observed only when an in-plane magnetic field was applied.
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In Figure 2 , we show the results of colloidal attraction 356 experiments for particles at a water−oil interface at increasing 357 initial concentrations of polymer in the oil phase. Panels a1−a3 358 show the center-to-center separation S as a function of the 359 particle approach time t appr = t − t*, where t* is the time for the 360 particle pair to reach S = 2R. In each graph, trajectories are 361 recorded on the same particle pair. For c P = 1 × 10 −3 w/w% 362 (a1), the trajectories show either partial or full approach and 363 thermal (Brownian) noise is large as compared to the attractive 364 interaction. Attraction is clearly seen for S < 4 μm. For c P equal 365 to 2 × 10 −3 and 4 × 10 −3 w/w% (panels a2 and a3, 366 respectively), attraction is clearly seen for S < 6 and 8 μm, 367 respectively. The reproducibility of the trajectories is high, with 368 mean standard deviations of 6 and 3%, respectively. 369 According to the model described by eq 7, the time scale for 370 particle attraction is determined by the initial separation S 0 371 between the particles, the interfacial drag coefficient of particles 372 f, and the magnitude of the capillary force F 0,cap . To take into 373 account the drag coefficient f experienced by the particle at 374 different aging times t age of the interface, we plot the mean and 375 standard deviation of the trajectories that show full approach 376 (denoted as N appr ) as the product f S̅ 6 and as a function of the 377 particle approach time t appr (Figure 2b) . The drag coefficient f 378 was measured as described in section S4 and later in this 379 section. The data show two distinct regions. For separation 380 distances of a few particle diameters (i.e., for t appr < −2 s), the 381 curves show large variations. When the interparticle distance 382 decreases (i.e., for t appr > −2 s), the curves approach the 383 relationship described by eq 7 (Figure 2b, insets) . The observed 384 increase in the steepness of f S̅ 6 curves points to an increase in 385 the attractive force as a function of polymer concentration. 386 Brownian Dynamics Simulations of Capillary Attrac-387 tion. To interpret the attraction curves measured in our 388 experiments and to determine the interplay between attractive 389 forces and thermal fluctuations, we performed BD simulations 390 using eq 8 to generate trajectories of pair of particles in the 391 presence of an attractive quadrupole force as described by eq 4. 392 In these simulations, we consider the diffusion of particles in a 
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Therefore, to correctly estimate F 0,cap , we select the points close 417 to t appr = 0 that follow eq 7. With this approach, we are able to 418 retrieve values of the simulated parameters with an accuracy of 419 15% or better for F 0,cap sim ≤ 1 pN (section S2, Table S2 ). 420 The last step required to quantify the capillary force (Figure 4a ). The 434 time onset for drag increase shifts toward lower adsorption 435 times for higher values of c P , consistent with a higher diffusive 436 flux of polymer toward the interface. Values obtained from 437 different particle pairs show a variation within the experimental 438 error (∼10%), suggesting a homogeneous aging of the 439 interface. As we will show in the next section, capillary forces 440 may become comparable to the magnetic forces used to 441 separate particles. This can be taken into account in our 442 analysis, as described in Materials and Methods and 443 demonstrated with BD simulations (sections S3 and S4). 444 Quantification of the Colloidal Attractive Force. With 445 the same particle pairs used to quantify f in Figure 4a 446 (represented by open symbols connected by a solid line), we 447 computed the magnitude of the capillary attractive force F 0,cap , 448 thus providing a direct correlation between f and F 0,cap . Figure  449 4b shows values of F 0,cap as a function of f for different initial 450 concentrations of polymer in the oil phase (represented as 451 different colors). For a fixed polymer concentration, the 452 capillary attraction varies strongly between different particle 453 pairs, but for a given particle pair, interestingly the capillary 454 attraction does not depend on f or on the amount of polymer 455 adsorbed to the interface. In particular, for c P = 2 × 10 −3 w/w% 456 the represented pairs (up and down red triangles) show similar 457 values for f, but F 0,cap differs by almost 1 order of magnitude. 458 For increasing amounts of c P , F 0,cap increases with values 459 ranging between ∼0.1 and ∼10 pN. For c P > 4 × 10 −3 w/w% 460 (data not shown), the attractive force exceeds the maximum 461 magnetic repulsive force achievable with the configuration of 462 the electromagnets used for this study (F magn ≃ 20 pN) so that 463 particles could not be separated with magnetic forces. 464 Interpretation of Capillary Attraction Curves. Defor-465 mations of fluid−fluid interfaces are known to be responsible 466 for long-range capillary forces and torques between particles. 467 The interparticle potential can be described in terms of capillary 468 multipoles, as described by eq 3, of which the terms depend on 469 the nature of the deformations (e.g., gravity, shape, or chemical 470 anisotropy). 15,17,19,21,54,55 471 Stamou et al. suggested that quadrupolar interface 472 deformations may originate from the pinning of the three-473 phase contact line to local heterogeneities (e.g., chemical or 474 topological) of the surface of the particles, 16 with the 475 corresponding interacting force as described by eq 4. For the 476 system in this study (2R = 2.8 μm, γ = 20 mN/m, ρ P = 1.8 g/ 477 cm 3 ), the Eoẗvos number is Eo ≃ 10 −6 ≪ 1, so deformations 478 due to gravity (m = 0) are negligible. For spherical particles, 479 dipolar deformations (m = 1) occur in the presence of an 480 external torque or in the presence of surface chemical 481 anisotropy, such as for Janus particles. 41 Superparamagnetic 482 particles are known to have a small remanent magnetic 483 moment. In a previous paper, we demonstrated that the torque 484 required to deform a fluid−fluid interface is well above the 485 maximum available magnetic torque in our system. 39 Therefore, 486 the first nonvanishing term in eq 3 is the capillary quadrupole 487 (m = 2). The particles used in this study (M270, carboxylic, 2R 488 = 2.8 μm) have a surface roughness of between 50 and 150 nm, 489 as determined from SEM images (Figure 1b ). According to eq 490 4, a contact angle of θ ≃ 16°(with H 2 = 50 nm, γ = 20 mN/m) 491 would be sufficient to generate attractive forces as large as F 0,cap 492 ≃ 1 pN (Table S1 ). 493 The results in Figure 2 show that at large separations, motion 494 trajectories are dominated by thermal (Brownian) motion. 495 Therefore, we performed BD simulations in order to 496 disentangle the contribution of thermal noise from that due 497 to the attractive force and to validate the analysis method 498 described in section S4. We demonstrated that from the linear 499 part of f S̅ 6 curves (Figure 3b ) it is possible to compute the 500 magnitude of the capillary coefficient F 0,cap with an accuracy of 501 15% or better depending on the magnitude of the attractive 502 force, using the particle drag coefficient f as a fixed parameter 503 (section S2, Table S2 ). We tested the ability of our approach to 504 discriminate between different orders of attraction by perform-505 ing BD simulations using m = m A + m B = 3, 4, 5 in eq 3. With 506 this analysis method, we were able to discriminate between the 507 different orders in the presence of capillary forces greater than a Capillary Attraction as a Function of Interface Aging. 541 We quantified the dissipative effects caused by interfacial aging 542 using the IPM method. 38, 39 With this technique, we were able 543 to quantify the drag coefficient f of particles at the water−oil 544 interface within a few seconds (∼5 s) and over long time scales 545 (several hours), with a sensitivity to changes in interfacial 546 viscosity as low as η s = 7 × 10 −9 N s/m. 39 Using BD 547 simulations, we demonstrated that attractive capillary forces can 548 be extracted by the analysis and that the input parameters are 549 retrieved with an accuracy of better than 4% (section S3). 550 When both f and F 0,cap are unknown, our analysis method 551 provided results with accuracies of 9 and 30%, respectively, with 552 respect to the input parameters (section S4, Table S2 ). 553 When the interface is formed, polymers adsorb to a pristine 554 interface without steric hindrance. In the absence of an energy 555 barrier for adsorption, at short times (t → 0) the surface 556 coverage can be estimated by diffusive transport. 56 For longer 557 times, the adsorption rate is lowered by the limited presence of 
